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ν interactions
• with itself, Higgs and BSM particles

• with production target

• with matter: solar, SN, earth 

• with detector:

• electrons

• protons

• nuclei

• low-E (nuclear structure, shell model)

• high-E

• low/moderate-Q2 (QE, resonance, nuclear IS,FS)

• high-Q2 (DIS)
2

✔

~✔ (measure flux w/detector)

(talks of P. Huber, B.Kayser, L. 
Everett, I. Mocioiu)

(talk of A. Friedland)

focus some 
attention here

(talks of J. Carlson, W. Donnelly, S. 
Dytman)~✔



3

Have established a new physics scale

1

⇤
HHEE ⇤ ⇠ v2weak

m⌫
⇠ 1014 GeV

Exploring the new physics at this scale takes us 
outside of the HEP comfort zone.  That’s ok. 

- where are the HEP/astro/NP dividing lines?  Are they 
useful and how do we deal with them? 

Neutrino physics is living the dream.
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Figure 9: The expected appearance of ⌫e (top) and ⌫̄e (bottom) signals for the possible mass orderings (left:
normal hierarchy, right: inverted hierarchy) and varying values of CP � for the example of LBNE/Project
X. Figures from [87].

proposals to measure CP violation in the neutrino sector, there is a large number of alternative proposals
in the U.S. and abroad. In this document, we will not be able to provide an in-depth comparison of the
scientific merit of each of these proposals, which vary in maturity. Nonetheless, we can give an impression
of how their performance for specific measurements might look. The most challenging measurement within
the framework of oscillation of three active neutrinos for long-baseline experiment is the search for leptonic
CP violation and a precise measurement of the associated CP phase, �CP . Therefore, apart from the value
of a determination of �CP , as outlined in Sec. 3, the ability to measure the CP phase with precision is a
reasonable proxy for the overall potential to have a major scientific impact.

The results of this comparison are shown in Fig. 11 using the methods and common systematics im-
plementation including near detectors as in Ref. [114]. The lines labeled 2020 and 2025 show what can be
achieved by those dates using a combination of the existing experiments T2K and NOvA and Daya Bay,
where the implementation of all three follows Ref. [116] and the NOvA description has been updated for this
report [124]. This is the precision that can be reached without any new experiments. Furthermore, we will
compare two phases of LBNE: LBNE-10 with a 10-kt detector and a 700-kW beam and LBNE-PX with a
34-kt detector and the 2.3-MW beam from Project X; both phases do include a near detector and the other
details can be found in [87]. After su�cient exposure, LBNE operating in the intense beams from Project

32

n p

νe e
−

νµ

Many components of the problem

- neutrino parameters
- experimental systematics
- neutrino-nucleus interaction
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- neutrino oscillations
- supernova constraints 
- nucleon decay 
- WIMP searches
- mu2e conversion 
- EDMs 
- 0nubb 
- ... 

geologyatomic 
physics

hydrodynamics

astrophysics

lattice gauge
theory

effective 
field theory

cosmology

nuclear 
structure

perturbative, 
renormalizable 

QFT

at a critical and exciting time, important that HEP not 
define itself out of existence at “intensity frontier”

cosmic 
ray physics …
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Proton Puzzle         Mainz           June 3, 2014            Eric Hessels  York University  Toronto  Canada                11 

4.5 s.d. 
discrepancy 

Hydrogen 

(increases to >7 
s.d. if scattering 

measurements are 
included) 

a cautionary tale: proton radius puzzle
in case you haven’t heard: extreme confusion in a problem 
intimately related to neutrino scattering

most mundane resolution involves 5 sigma shift of 
fundamental Rydberg constant, and “revisiting” decades of 
electron scattering (and hydrogen) data

impacts important signal cross section for LBNF 
(CCQE on bound neutron) 
- modified vector form factors
- same issues of shape assumptions for axial FA 

typically quoted precision for neutrino observables small 
compared to discrepancies and realistic uncertainties in 
electron-proton scattering (without flux, nuclear issues)

!!!!!!!

n p

νe e
−

νµ
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Fermilab/MILC @ CKM 2014lattice wants to be here
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to be here
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Figure 6: The B → π form factor F+ plotted in terms of the q2 variable (left) and z variable
(right). Data are from [60]. Plots are reproduced from [61].
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Figure 7: The proton form factor GE plotted in terms of the Q2 variable (left) and the z
variable (right). Data are from [62]. Plots are reproduced from [43].

• Comparison to the complete range of hydrogen and muonic hydrogen observables.

• Possible extension to parity-violating atomic observables. The effective theory analysis
systematizes “Coulomb subtractions” that may appear ad hoc in more phenomenological
treatments [72].

2.2.4 Precision measurements: impact and relation to previous work

The PI’s research has contributed to the improved determination of several fundamental
parameters. These include:

• rp
E, the mean-square charge radius of the proton, using isospin decomposition and analyt-

icity of electron-nucleon scattering amplitudes [43].
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• Comparison to the complete range of hydrogen and muonic hydrogen observables.

• Possible extension to parity-violating atomic observables. The effective theory analysis
systematizes “Coulomb subtractions” that may appear ad hoc in more phenomenological
treatments [72].

2.2.4 Precision measurements: impact and relation to previous work

The PI’s research has contributed to the improved determination of several fundamental
parameters. These include:

• rp
E, the mean-square charge radius of the proton, using isospin decomposition and analyt-

icity of electron-nucleon scattering amplitudes [43].

11

F
+→

QCD, analyticity, lattice:
(meson sector and 
precision CKM)
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QCD, analyticity, lattice: (baryon sector and precision neutrino 
studies)

next frontier of lattice QCD: precision baryon matrix 
elements (neutrinos, dark matter, nucleon decay…)

https://indico.fnal.gov/conferenceTimeTable.py?confId=7873#all

cf. 2014 USQCD Lattice Meets Experiment:
We note that Q2

rec coincides with Q2
rec used by K2K in the limit ϵb → 0 [1], and with Q2

QE used
by MiniBooNE in the limit ϵb → 0 and equal proton and neutron masses [3]. For simplicity
we have chosen to make the cut independent of the binding energy used in the nuclear model.
We emphasize that this choice is used simply to define the subset of data to be analyzed, and
does introduce theoretical uncertainty in the numerical results.
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Figure 2: Extracted value of mA versus Q2
max. Dipole model results for mdipole

A are shown by
the red circles; z expansion results with |ak| ≤ 5 are shown by the blue squares, z expansion
results with |ak| ≤ 10 are shown by the green diamonds.

Our results are displayed in Fig. 2, where we compare extractions of mdipole
A in the dipole

ansatz (2) with extractions of mA employing the z expansion (9). We present results for data
with Q2

rec ≤ Q2
max, where Q2

rec is defined in (19) and Q2
max = 0.1, 0.2, . . . , 1.0GeV2. We study

two different coefficient bounds, |ak| ≤ 5 and |ak| ≤ 10. For definiteness we have truncated
the sum in (9) at kmax = 7, but have checked that the results do not change significantly
if higher orders are included. As Fig. 2 illustrates, the z expansion results lie systematically
below results assuming the dipole ansatz. In contrast to results from the one-parameter dipole
ansatz, high-Q2 data have relatively small impact on the model-independent determination of
mA. Taking for definiteness Q2

max = 1.0GeV2, we find

mA = 0.85+0.22
−0.07 ± 0.09GeV (neutrino scattering), (21)

where the first error is experimental, using the fit with |ak| ≤ 5, and the second error represents
residual form factor shape uncertainty, taken as the maximum change of the 1σ interval when
the bound is increased to |ak| ≤ 10. As a comparison, a fit assuming the dipole form factor,
and the same Q2

max yields mdipole
A = 1.29± 0.05 GeV.3

It is not our purpose in this paper to investigate in detail the additional uncertainty that
should be assigned to (21) due to nuclear effects. We note that a fit of the MiniBooNE data to

3 A dipole fit including the entire dataset without a cut on Q2
rec yields mdipole

A
= 1.28+0.03

−0.04.

7

dipole
QCD constrained
(z expansion)

z expansion implemented in GENIE (A. Meyer)

uncertainties at both nucleon and nuclear level (~theorem: 
these are comparable in size. ~proof: constrained by same 
data)

https://indico.fnal.gov/conferenceTimeTable.py?confId=7873#all
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- where can HEP theory (people and methods) have most 
impact?

- what is the measure on interesting and answerable 
questions in Neutrino Theory - is it perceived to be small?  
Are there other barriers to participation?

- where is the dividing line between HEP and other fields 
(NP, astro, …)? 

For discussion: 

- whose job is it to model nuclear effects? 

- whose job is it to develop generators?

- given infinitely precise nucleon-level amplitudes, what is 
the uncertainty from nuclear modeling?


